Background: Identification of cancer stem cells (CSCs) and their behaviors will provide insightful information for the future control of human cancers. This study investigated CD44 and CD24 cell surface markers as breast cancer CSC markers in vitro and in vivo. Methods: Flow cytometry with CD44 and CD24 markers was used to sort breast cancer MCF7 cells for scanning electron microscopy (SEM), tumor cell invasion assay, and nude mouse xenograft assay. Results: Flow cytometry assay using CD44 and CD24 markers sorted MCF7 cells into four subsets, i.e., CD44
-cells had the highest tumorigenic capacity compared to the other three subsets.
Conclusion: CD44 and CD24 could be useful markers for identification of breast CSCs because CD44 + /CD24 -/low cells had unique surface ultrastructures and the highest tumorigenicity and invasive abilities.
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Background
Cancer stem cells (CSCs) were originally described in hematologic malignancies and have the exclusive ability to self-renew and differentiate into heterogeneous lineages of tumor cells [1, 2] . The concept of CSC theory may change our perspective with regard to cancer development, progression, and treatment. CSCs are defined as a small number of tumor cells that have the ability to generate daughter tumor cells, self-renew, and maintain tumor phenotypes. In addition, CSCs are responsible for tumor resistance to chemo-and radiation therapy, recurrence, and metastasis [3] [4] [5] [6] . Currently, searching for CSC markers is a very hot topic and some interesting data have been generated. For example, markers for CSCs of the breast, prostate, colon, and pancreas have been reported [7] [8] [9] , but more work needs to be done. Furthermore, it is evident that the distinguished ultrastructure of cancer cells is linked to the tumorigenic potential for making tumor diagnoses and predicting tumor behaviors (such as recurrence, metastasis, and so on) [10] [11] [12] ; however, it is unknown whether CSCs possess their own particular ultrastructure partners. Therefore, identification of CSCs and understanding of their behaviors in human cancer will provide us useful information for defining the molecular mechanisms of cancer development and progression and developing novel treatment strategies.
In human breast cancer, it has been shown that breast CSCs have a CD44 + /CD24 -phenotype [2] . Consistent with this finding, knockdown of CD44 expression has been found to induce breast CSCs to differentiate into regular tumor cells without the capacity to self-renew (defined as non-CSCs) [13] . Nevertheless, in certain breast cancer patients, CD44 + /CD24
-cells are still sensitive to radiotherapy, suggesting that not all breast CSCs are radioresistant [14] -/low tumor cell did not correlate with the event-free and overall survival and did not affect the tumor response to different treatment modalities [15, 16] . Thus, further investigation is needed to clarify these two markers for breast CSCs. In this study, we first sorted breast cancer cells with these two markers and then analyzed the ultrastructure of the breast CSC surface in CD44 + /CD24 -/low genotypes. Furthermore, we systemically analyzed the ultrasturcture, invasion capacity, and tumor formation in breast cancer MCF7 cells with different CD44/CD24 genotypes. Our findings indicated that CD44 + /CD24
-/low MCF7 cells with high numbers of microvilli and pseudopodia have greater tumorigenicity rates and invasive ability.
Materials and methods

Cell line and culture
The human breast cancer cell line MCF7 was obtained from the Shanghai Cell Bank (Shanghai, China) and maintained in Dulbecco's modified Eagle's medium (DMEM) with high glucose and supplemented with 10% fetal calf serum (FCS), 100 units/ml penicillin, and 100 μg/ml streptomycin at 37°C in 5% CO 2 .
Flow cytometry
To sort tumor cells with CD44 and CD24 markers, MCF7 cells were seeded and grown for several days, then washed with phosphate-buffered saline (PBS), and finally harvested with 0.05% trypsin/0.025% EDTA. The cells were then detached and washed with PBS containing 2% FCS before anti-human CD24 PE (Clone: eBioSN3; 12-0247-42) antibodies were obtained from Affymetrix eBioscience (www. affymetrix.com).
Scanning electron microscopy (SEM)
To detect the ultrastructure of CD44 + /CD24 -/low breast CSCs, we performed SEM experiments by directly using flow cytometry-sorted cells. Briefly, flow cytometry-sorted cells were seeded onto glass cover slips and fixed in situ with 2.5% paraformaldehyde in PBS for 2 h at 4°C. Then, the cells were rinsed in PBS and postfixed with 1% osmium tetroxide in PBS for 1 h, dehydrated through a graded ethanol series, stained en bloc during dehydration with a saturated solution of uranyl acetate in 70% ethanol, and then embedded in Araldite for the ultrastructural study of cells using SEM.
Tumor cell invasion assay
Breast cancer MCF7 cells were cultured in complete cell medium and then stained with anti-CD44-FITC and anti-CD24-PE antibodies (Miltenyi Biotec, Germany). After that, the cells were washed twice with cold PBS and then stained with DAPI before being washed twice with PBS. Next, these cells were first cultured in serumfree DMEM overnight. The next day, the cells were detached with trypsin, counted, and added into the top chambers of Transwell inserts with an 8-μm pore size filter coated with Matrigel in 24-well plates. In the bottom of the chambers, DMEM containing 20% FCS was added, and the cells were then cultured for 24 h. At the end of the experiments, the cells on the top surface of the filter were removed by using a cotton-swab, and the cells on the bottom of the filter were fixed with methyl alcohol and then reviewed and quantified by a laser scanning confocal microscope (FV-1000; Olympus Japan).
Animal experiments
Flow cytometry-sorted cells were collected, washed in PBS, and then injected into the mammary fat pad of 5-week-old severe combined immunodeficient (SCID) mice. Mice were maintained in laminar flow rooms under constant temperature and humidity and received estradiol supplementation (0.4 mg/kg) every week after cell injection. Mice were inspected for tumor appearance daily by observation and palpation for 12 weeks after cell injection. At the end of the experiments, all mice were sacrificed by cervical dislocation, and the presence of each tumor nodule was confirmed by necropsy. Experimental protocols were approved by the Ethics Committee for Animal Experimentation of the institute.
Statistical analyses
All the in vitro experiments were repeated six times, and had similar results. Statistical analysis was performed using SPSS software version 17.0. Statistical significance was tested by using a two-tailed Student's t-test. P<0.05 was considered statistically significant.
Results
Sorting breast cancer MCF7 cells using CD44 and CD24 markers
To obtain putative breast CSCs from MCF7 cell line, we performed flow cytometry assay using antibodies against CD44 and CD24 cell surface markers. We obtained four 
CD24
-/low cells were breast CSCs (approximately 3.5%; Figure 1 ). The purity of this sorted cell type was further confirmed using flow cytometry. As shown in Figure 1C , the purity of the CD44 + /CD24 -/low cell type was more than 90%.
Detection of the cell surface ultrastructure of flow cytometry-sorted MCF7 cells
To characterize the ultrastructural features of flow cytometry-sorted MCF7 cells, we performed SEM experiments. Our data showed that there are numerous protrusions on the surface of CD44 + /CD24 -/low cells ( Figure 2A ). These cells also showed many microvilli and pseudopodia compared to the other three cell subsets (Figure 2 Figure 2D ). These data indicate that the cell surface ultrastructure is quite different among these four subtypes of MCF7 cells.
Invasion capacity of breast cancer MCF7 cells with different expressions of CD44 and CD24 markers
To examine the invasion capacity of these four different subsets of MCF7 cells, we first labeled them with different colors ( -/low cells that invaded through the basement membrane was significantly higher than that of the other three subsets ( Figure 3B) Figure 3C, D) . Thus, the migration distance of CD44 + /CD24 -/low was significantly longer than that of the other three subsets (Table 2, Figure 3C, D) . These results suggest that CD44 + /CD24
-/low cells have the highest invasion capacity compared to the other three subsets of MCF7 cells.
Xenograft formation and growth capacity among these four subtypes of CD44 and CD24-expressing breast cancer cells in nude mice
To compare the tumor-initiating capability of different MCF7 cell subsets, we injected the four flow cytometrysorted cell subsets at different cell numbers (1×10 3 , 1×10 4 , and 1×10 5 ) into the mammary left fat pad of nonobese diabetic (NOD)/SCID mice. All mice were observed for 3 months for tumor formation and growth (Table 3 and Figure 4) -cells have the highest tumorigenic capacity compared to the other three cell subsets.
Discussion
Breast CSCs, like all other CSCs, have been suggested to contribute to tumor development and progression [17, 18] . Thus, identification of breast CSCs is very important not only for understanding the mechanism of breast cancer but also providing novel strategies for its successful treatment. Previous studies have used specific molecular markers and ultrastructures to identify and isolate breast CSCs [19] [20] [21] [22] . It is well known that the surface ultrastructure of cancer cells is unique and important for cancer development [23, 24] , since the surface ultrastructure of cells can predict cell-cell and cell-matrix contact, movability, and adhesion ability. However, to date, information regarding the cell surface ultrastructure of breast CSCs is limited. Herein, in this study, we analyzed the surface ultrastructure of different subsets of MCF7 cells after sorting by the known breast CSC markers However, at the current stage, due to lack of standard CSC surface ultrastructure data, it is difficult to quantify the CSCs pseudopodia. We will develop a methodology to quantify them in the near future. The CD44 antigen, encoded by the CD44 gene on chromosome 11, is a cell-surface glycoprotein involved in cell-cell interactions, cell adhesion, and migration [25] . CD44 has been reported as a cell surface marker for some breast and prostate CSCs, but it is associated with an increased survival duration of epithelial ovarian cancer patients [5, 26] . Likewise, CD24 is encoded by the CD24 gene and is also a cell adhesion molecule [27] . The expression of CD24 is associated with tumor development and plays a critical role in various cancer metastases [28, 29] . However, more recently, researchers in the field of CSCs have used these two proteins as markers to identify breast CSCs with high CD44 expression and negative or low CD24 expression [2, 3] . In this study, we also sorted breast cancer MCF7 cells using these two markers to obtain four subpopulations of MCF7 cells. Consistent with previous studies, we found that the CD44 + /CD24
-/low population had high tumorigenic potential and invasion capacity.
Because in vivo tumor formation is the gold standard for identification of CSCs [30] , our current data further confirmed that CD44 + /CD24
-cells have the highest tumorigenic capacity compared to the other three subsets of MCF7 cells; however, the tumorigenic capacity of CD44 + / CD24 -cells was not as strong as that found in a previous report [2] . In our current study, only one of six mice formed a breast cancer xenograft with 1×10 3 cells/injection. However, our current data also showed that CD44 + /CD24 + cells formed tumor xenografts in two of six mice after the injection of 1×10 5 cells. This finding indicates that CD24 is not as good as CD44 as a marker for the identification of breast CSCs. We further analyzed the tumor weight and size in different groups; however, we did not observe any significant differences among them, indicating that CSCs might contribute to cancer initiation but not tumor progression.
Conclusion
In summary, this study systematically investigated the ability of CD44 and CD24 proteins as markers to identify breast CSCs among MCF7 cells using flow cytometry to sort the MCF7 cells with these two proteins into four subsets. Moreoever, CD44 + /CD24 -cells showed a unique surface ultrastructure by SEM and had the highest tumorigenic potential in tumor cell invasion and nude mouse xenograft assays. Further studies will determine whether CD44 directly contributes to the unique surface ultrastructure and tumorigenic capacity. 
